Evaluation of an unsteady flamelet progress variable model for autoignition and flame development in compositionally stratified mixtures Phys. Fluids 24, 075115 (2012) Intermittency in premixed turbulent reacting flows Phys. Fluids 24, 075111 (2012) Recirculation zone dynamics of a transversely excited swirl flow and flame Phys. Direct numerical simulations of high pressure (100 atm), turbulent H 2 /O 2 nonpremixed temporally developing shear layer flames are conducted at initial Reynolds numbers ranging from 850 ≥ Re δ0 ≥ 4500, with up to ∼3/4 ×10 9 grid points. A real gas equation of state, real property models, detailed chemistry, and generalized diffusion models are included. The results of the simulations focus on the mass diffusion vectors and their subgrid contributions relevant to large eddy simulation of turbulent combustion. Comparisons of the actual filtered mass flux vectors with their corresponding forms evaluated with filtered primitive variables are shown through correlation coefficients, probability density functions (PDFs) of the ratios between the vector magnitudes, and PDFs of the angles between the vectors. The results show a reasonable correlation (≥0.75) for all species and simulations when evaluated globally. However, the correlations weaken substantially in regions of large temperature subgrid scale (SGS) variance and filtered SGS scalar dissipation. Within these regions, the correlations are also shown to vary inversely with Reynolds number. Vector analysis indicates that evaluating the mass flux vector using only the filtered primitive variables accurately predicts the direction of the actual filtered flux; however, the magnitude is poorly predicted in the aforementioned regions. Comparisons of the subgrid mass fluxes to the subgrid scalar fluxes are also represented as PDFs of the ratios between the vector magnitudes. These results show the subgrid mass flux to be significantly smaller ( 5%) than the subgrid scalar flux, and this ratio is shown to diminish with increasing Reynolds number. A final comparison of the divergence of the subgrid mass fluxes to the subgrid scalar fluxes are also represented as PDFs of the ratios between the magnitudes. At lower Reynolds numbers, these ratios suggest comparable values between the subgrid diffusion and turbulent stirring terms in regions of large temperature SGS variance and filtered SGS scalar dissipation. However, this ratio is shown to diminish, but remain significant, with increasing Reynolds number. C 2012 American Institute of Physics. [http://dx
I. INTRODUCTION
High pressure combustion is prevalent in today's technology. In many devices, such as diesel, gas turbine, and rocket engines, the reacting fluids are in supercritical pressure states. Within these supercritical flows there are no "droplets" or "vaporization" due to the inability of the fluid to experience a phase change.
1-5 Also, in this high pressure supercritical combustion regime, diffusion phenomena such as multicomponent diffusion (diffusion of one species due to concentration gradients of all species), differential diffusion (non-equal species mass diffusivities), and cross diffusion (Soret/Dufour) are often enhanced. 6 Significant research has been conducted to show that these often a) rm@clemson.edu.
neglected diffusion phenomena are necessary to accurately capture the physics of the combustion process; particularly at high pressure. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Numerical techniques have proven themselves to be a useful tool in studying a large number of flows, including those involving combustion. If sufficient computational resources are available, all spatial and temporal scales of the desired flow can be directly calculated. Such a simulation is called a direct numerical simulation (DNS). The literature is vast pertaining to DNS conducted for both non-reacting [17] [18] [19] [20] and reacting [21] [22] [23] [24] [25] [26] [27] [28] flows. However, the research becomes much more limited when one considers DNS of high pressure combustion involving real gas effects, detailed chemistry, and all aforementioned diffusion phenomena. 15, 16, 29 This lack of research stems from the complexities involved in accurately modeling the chemical and diffusion processes and the large increase in computational resources needed to calculate all of the included physics.
Because the majority of all practical flows employ both spatial and temporal scales too small to resolve directly, one must then resort to modeling techniques that attempt to predict the effects of the small scale flow phenomena by using the information available from the largest scales. The earliest techniques for modeling the small scale phenomena consisted of separating each instantaneous variable into the sum of an average (ensemble or temporal) component plus a fluctuating component. The resulting equations are termed the Reynolds averaged Navier-Stokes (RANS) equations, and their application towards turbulent combustion is reviewed in Refs. 30 and 31. The short comings of both RANS (accuracy) and DNS (computationally expensive) led to the concept of large eddy simulation (LES), which is the focus of this work. In LES, the governing equations are low-pass filtered such that each instantaneous variable consists of a large scale "resolved," or "filtered," value plus a small scale "subgrid" value. The resolved scales are directly calculated while the effects of the subgrid scales (SGS) on the resolved scales requires modeling. In compressible, non-reacting flows, the unclosed terms include the SGS Reynolds stresses, species and energy fluxes, filtered heat and mass flux vectors, filtered pressure, filtered pressure work, filtered stress tensor, and filtered stress work. In reacting flows, additional filtered chemical source terms appear that also require modeling.
The literature pertaining to LES modeling of reacting/non-reacting subcritical flows is vast and reviews can be found in Refs. 32-36; however, much less is published regarding LES of supercritical, reacting/non-reacting flows including multicomponent, differential, and cross diffusion effects. In one recent exception, Selle et al. 37 suggested that for non-reacting supercritical flows, the filtered mass flux vector could be adequately modeled from the resolved scale information. Thus, no SGS model was necessary. Their analysis compared globally averaged SGS mass flux vector gradients to the other terms appearing in the filtered species transport equation. The results showed an order of magnitude difference between the SGS mass flux vector gradients and the other leading order SGS terms. However, in reacting flows, scalar gradients can be much larger than for pure mixing. Furthermore, turbulent flame dynamics such as extinction/re-ignition and pollutant formation are known to be highly sensitive to localized regions within the flame. Therefore, globally viewed statistics may not provide the most complete description of subgrid quantities.
Another motivation for examining the filtered mass flux vector is that of future LES combustion modeling approaches seeking to incorporate differential diffusion effects. Current particle based methods based on the filtered density function 38 universally neglect differential diffusion. In their current form the filtered mass flux vector does not directly appear. However, McDermott and Pope 39 have shown that if differential diffusion is to be incorporated the FDF approach will have to be re-formulated in a manner such that the filtered mass flux vector has to be directly considered. As a first approach, their specific formulation neglects the subgrid component entirely. It is, therefore, still of direct interest to such future model developments to obtain a better understanding of the filtered and subgrid mass flux vectors.
The objectives of this paper are therefore to provide a detailed portrait of the subgrid mass flux vectors in high pressure turbulent flames from both a global and local perspective. The localized regions of interest include the stoichiometric condition, as well as regions of large temperature SGS variance, filtered SGS scalar dissipation, instantaneous reaction rate, and scalar SGS variance. The paper will first present the formulation and approach for the DNS of turbulent high pressure H 2 /O 2 reacting shear layers including real gas effects, real properties, detailed chemistry, multicomponent, differential, and cross diffusion in Secs. II and III. Section IV then examines instantaneous, resolved, and SGS quantities of interest for LES of reacting flows. The focus will primarily be directed towards the SGS mass flux vector and its significance when viewed both globally and locally within the flame. Section V presents conclusions and discusses topics of future research.
II. FORMULATION
The governing equations for this work describe turbulent combustion including a real gas state equation, realistic property models, generalized diffusion, and detailed chemistry. They are only summarized below and the reader is referred to the works of Palle, 7 Palle and Miller, 10 and Foster and Miller 6 for the complete formulation. The basis for the governing equations is the compressible form of the continuity, momentum, total energy, and species mass fraction transport equations:
where t represents time, x j the spatial coordinate vector, ρ the mixture density, u j the mixture velocity vector, P the pressure, δ ij the Kronecker delta tensor, τ ij the (Newtonian) viscous stress tensor, e t the total specific energy (internal plus kinetic), Q j the heat flux vector, 40 This mechanism was chosen as it includes pressure dependent kinetics. The forms for the heat and mass flux vectors applicable to high pressure, dense fluids are derived from non-equilibrium thermodynamics (NEQT) and Keizer's fluctuation theory. 41 Harstad and Bellan 42 first derived the form and have applied it to binary species mixing systems. Palle 7, 8 extended the application to arbitrary numbers of species and reacting hydrogen, heptane, and methane flames. The full forms of the heat flux and molar flux vectors, including multi-component, differential, and cross diffusion effects, are represented by
where n is the molar density All properties are calculated using models for the real physical values (including temperature, pressure, and composition dependence). The required transport properties are calculated using models based on the principle of corresponding states which suggests that all species behave universally when normalized by their appropriate critical parameters (temperature, pressure, volume, and acentric factor). In summary, the mixture viscosity and thermal conductivity are calculated using the Lucas method and the method of Steil and Thodos, respectively. 43 The method of Fuller et al. is used to calculate the low pressure binary diffusion coefficients, and a correlation provided by Takahashi is used to obtain the high pressure values. 43 Palle 7 further improved the accuracy of several of the property models by curve fitting the differences between the model and experimental data if the two showed significant disagreement. Vasudevan 9 developed the model for the thermal diffusion factors by curve fitting experimental data in reduced variables based on the principle of corresponding states. Lastly, the heat capacity is calculated directly from the Peng-Robinson EOS as the departure from the low pressure value obtained from Reid et al. 43 or the NIST webbook. All remaining thermodynamic variables are derived from the Peng-Robinson EOS; including the enthalpy, internal energy, partial molar volumes, and the acoustic speed. A more detailed explanation of all property models as well as validations can be found in Refs. 6-9 and 43. 
III. PROBLEM GEOMETRY AND NUMERICAL RESULTS
The temporally developing reacting shear layer, represented in Fig. 1 , consists of counter flowing streams of hydrogen and oxygen. The initial conditions are chosen such that hydrogen is contained in the x 2 < 0 region and oxygen in the x 2 > 0 region. Error function profiles [η = erf(π 1/2 x 2 /δ ω0 ), where δ ω0 is the initial vorticity thickness of the fuel and oxidizer] are used to "smooth" the initial variable profiles. Eight initial vortices are perturbed at the most unstable wavelength (λ ω = 11.5δ ω0 ) calculated using stability analysis. The governing equations for this work are solved on an equally spaced grid in the x 1 and x 3 directions, while an analytical mapping function in the x 2 direction provides the finest mesh within the mixing layer which coarseness as it approaches the free stream boundaries. Eighth order central finite differencing and fourth order Runge-Kutta schemes approximate the spatial and temporal derivatives, respectively. Tenth order filtering is applied at each Runge-Kutta stage to reduce spurious oscillations in the solution. 44 Periodic boundary conditions are applied in the x 1 and x 3 directions, while characteristic wave based non-reflecting free stream conditions [45] [46] [47] [48] are implemented for the x 2 direction. To further control numerical stability at the x 2 boundaries, an artificial "sponge layer" similar to that found in Ref. 49 is used at the upper and lower 10% of the domain. Being that the overall x 2 length is at least 3 times the x 1 length for all simulations, the artificial layer is far enough away from the mixing region to have negligible influence on the flame. Time stepping is based on Courant-Friedrichs-Lewy (CFL) conditions for velocity and reaction rates as well as momentum, thermal, and mass diffusivities. The ignition process is achieved by imposing a Gaussian mass fraction profile for the hydrogen radical species with a maximum value (Y H max = 0.015) at the center of the mixing layer. All properties are physical and only the reference length, δ ω0 , is changed to achieve a desired Reynolds number.
Based on the above conditions, an initial Reynolds number based on the initial vorticity thickness is defined by Re δ0 = ρ 0 U 0 δ ω0 /μ 0 . The reference conditions, ρ 0 and μ 0 are the average density and viscosity between the hydrogen and oxygen free stream values, respectively, and U 0 is the velocity difference between the free streams. The time dependent vorticity thickness is defined by, δ ω (t) = U 0 / ∂U 1 /∂ x 2 max , where the x 1 -x 3 -planar averaged streamwise velocity is represented by U 1 . The overbar represents an x 1 -x 3 average for any referenced variable hereinafter. The instantaneous Reynolds number based on vorticity thickness is then Re δ (t) = ρ 0 U 0 δ ω (t)/μ 0 . Another Reynolds number, consistent with experimental data 50, 51 is defined by Re vis = ρ 0 U 0 δ vis /μ 0 , where δ vis is the visually determined thickness of the mixing layer. From a numerical perspective, a "visual" estimation could be determined from any number of variable contours. For the present purposes it is the distance through which the mean temperature varied from 1% of one free stream value to the other free stream value. Finally, a Taylor Reynolds number based on the streamwise longitudinal Taylor microscale is defined by Re λ 11 = ρu 1,rms λ 11 /μ. The velocity scale, u 1, rms , is the root mean square u 1 value. The longitudinal Taylor microscale is calculated by λ 11 = 2u 1,rms / ∂u 1, f luct /∂ x 1 , where u 1, fluct is the fluctuating component of the decomposition u 1 = u 1 + u 1, f luct . 52 For the current study, all statistics were evaluated for t* = 120, where t* = tU 0 /δ ω0 . The simulation parameters for the DNS conducted for this study and final time Reynolds numbers are provided in Table I . The parameters L 1 , L 2 , and L 3 are the domain lengths in the x 1 , x 2 , and x 3 directions, respectively. The parameters N 1 , N 2 , and N 3 correspond to the number of grid points in the x 1 , x 2 , and x 3 directions, respectively. Figure 2 provides the spanwise centerline instantaneous temperature contours (x 1 -x 2 plane) at t* = 120 for all three flames considered. For perspective, the domain length in the x 1 direction is ≈92δ ω0 for all three flames. For the cross stream directions, the visual thickness varies between approximately −25 ≤ x 2 /δ ω0 ≤ 12, −27 ≤ x 2 /δ ω0 ≤ 11, and −26 ≤ x 2 /δ ω0 ≤ 10 for the Re δ0 = 850, 2500, and 4500 flames, respectively. Computational requirements consisted of approximately 3840 central processing unit (CPU) cores, 2 TB of memory, and 2 × 10 6 CPU-hours for the largest simulation (Re δ0 = 4500).
IV. RESULTS
The increase in turbulent characteristics with Reynolds number is evident in Fig. 2 . At the lowest Reynolds number, the diffusive characteristics maintain a flatter, pronounced flame region with a somewhat consistent thickness. As the Reynolds number increases, the flame becomes much more convoluted showing very thin regions of hot fluid as well as thick diffusive characteristics. The physical size of the flame for the Re δ0 = 4500 case is represented by the spanwise centerline instantaneous hydrogen radical mass fraction contours at t* = 120 provided in Fig. 3 . The cross stream visual thickness of the hydrogen radical contour varies between approximately −15 ≤ x 2 /δ ω0 ≤ 10, which is ∼30% thinner than the corresponding temperature contour [ Fig. 2(c) ]. The regions of large H mass fraction, indicative of the actual flame surface, are relatively thin ∼δ ω0 . The three circles indicate the filtering diameters used in the analyses below. The resolution of the Re δ0 = 4500 case is demonstrated in Fig. 4 which presents planar averaged streamwise normalized spectra for velocity and selected scalar variables near the center of the flame (x 2 /δ ω0 ≈ −10). These results, given at time t* = 120, show approximately nine decades of energy spanning nearly two and a half decades of scales. All spectra are characterized by smooth and monotonic decay at small wavenumbers suggesting adequate resolution of all scales. Energy spectra from other x 2 planes throughout the flame zone were also examined and all showed no evidence of inadequate resolution.
Further presentation of the DNS data is provided in Fig. 5 in the form of scatter plots as functions of the mixture fraction, φ = (sY 53 for the Re δ0 = 4500 case. The fast nature of the hydrogen chemistry is observed from the close agreement between the temperature and major species mass fraction profiles to that expected from an equilibrium solution. However, nonequilibrium effects are found for the minor species profiles of H and OH where significant amounts of scatter are evident. These variables, along with other subgrid quantities discussed below, plotted against mixture fraction will be shown to be important when evaluating the subgrid mass flux vector because they aid in pinpointing the locations in mixture fraction space where subgrid activity is enhanced.
A. Subgrid mass flux vector statistical analysis
The governing equations for LES are derived from spatially filtering Eqs. (1)-(4) (along with the equation of state, and other thermodynamic viable relations). The filtering operation is defined by the convolution integral, where G is the filter kernel taken as the spherical top-hat filter in this study. For compressible flows, it is customary to introduce the density weighted Favre filter, ψ = ρψ / ρ . From these filtering definitions, each instantaneous variable can be represented as a sum of its filtered, or Favre filtered, value plus a SGS component (i.e., ψ = ψ +ψ or ψ = ψ + ψ ). For the species transport equation, applying the filter leads to unclosed terms that require information from the SGS scales. The filtered species transport equation is represented by 
where J As discussed previously, it has been suggested that for non-reacting flows the SGS mass flux vector may be negligible; thus, only resolved information is required to accurately capture mass diffusion [i.e., J
. 37 These results were based upon a globally defined comparison of the SGS mass flux vector gradients to the gradients of the other terms appearing in the filtered species transport equation, and was only based on pure binary mixing. The current study seeks to examine the significance of the SGS mass flux vector for reacting flows both from a global as well as a local perspective. The localized regions of interest include the stoichiometric condition, regions of large temperature SGS variance, subgrid filtered scalar dissipation, reaction rate, and mixture fraction SGS variance. Formal definitions for all regions are provided in Table II . These variables represent important quantities for LES. In particular, the scalar variances and dissipation terms are unknown quantities in an LES that describe SGS activity. Many LES combustion models are directed towards these terms. 34-36, 54, 55 Each of the conditioning regions can also be directly correlated with specific physical regions within the flame. For example, large values of temperature SGS variance and oxygen dissipation are confined to the lean and stoichiometric regions of the mixing layer. Conditional statistics for a variable (either instantaneous or filtered) based on localized regions of the flame are evaluated as follows. First the variable is "globally" averaged (i.e., within the flame zone defined by 0.01 ≤ φ ≤ 0.99). Then all values of the variable within the global region are evaluated against the criteria provided in Table II . Those points satisfying the criteria are then summed and divided by the number of points satisfying the criteria which yields the conditional average. For this study, an appropriate SGS scalar dissipation term needs to be defined. The distinction is not important though as χ α is only used in this study to isolate certain physical regions of the flow; not to compare to particular LES combustion models. Statistical quantities including correlation coefficients, vector magnitude ratio probability density functions (PDFs), and vector alignment PDFs between the true filtered and resolved mass flux vector are presented below within the global and each localized region. Furthermore, the SGS mass flux vector is compared to the SGS species flux term that appears in the filtered species transport equation. These comparisons include PDFs of the ratios between SGS mass and species flux vector magnitudes as well as PDFs of the ratios between the divergence magnitudes of SGS mass and species fluxes. in the regions of large SGS filtered scalar dissipation and temperature SGS variance (as low as ∼0.1). However, hydrogen remains strongly correlated within these regions for all cases, as does the hydrogen radical for the majority of these regions as well.
B. Correlation coefficients
In order to further analyze the correlation results, detailed pictures of the poorly correlated regions can be compared to those that correlate well in mixture fraction space. It is important to consider the notion that SGS mass flux activity can be related to the lean side of the flame. The current formulation of the mass flux vector includes terms proportional to temperature, pressure, and species gradients. Observing Fig. 5 , it is evident that the large majority of steep temperature and species gradients, albeit in mixture fraction space, exist on the lean side. Physically speaking, the stoichiometric mixture fraction iso-surface is very near to the pure oxygen stream. Therefore, the temperature and other scalars vary from their free stream values to their maximums over very short relative distances on the lean side (see also Figs. 2 and 3 ). This is particularly true for the high Reynolds number case and within its braid regions [Figs. 2(c) and 3] . In these regions any of the filter sizes used for this study can encompass temperatures and other scalars ranging from near their maximum to near their minimum values all within the same filtering volume (Fig. 3) . These strong gradients indicate a region in which SGS mass transport phenomena should be maximized, and the poor correlations reflect this assumption. Sections IV C and IV D will observe the degree to which the SGS mass flux vector influences the other terms in the filtered species transport equation in these poorly correlated regions. 
C. Vector magnitude ratio and alignment PDFs
The results from correlations between the resolved and actual filtered mass flux vector magnitudes suggest significant SGS mass transport in regions of large SGS filtered scalar dissipation and temperature variance. Figure 10 depicts the PDF of the ratio between these two vector magnitudes for these two local regions as well as the global perspective for Re δ0 = 4500 and at the largest filter width, f /δ ω0 ≈ 4.7. For these PDFs, a truly negligible SGS mass flux would be represented by a delta function at unity. When evaluated globally, the PDF in Fig. 10(a) does show a sharp rise near unity for all species and a somewhat narrow variance. The PDFs in the localized regions, Figs. 10(b) and 10(c) , are much wider and are not necessarily centered around unity. The broad variances of these PDFs reveal the resolved mass flux vector's probability to either under predict or over predict the true filtered magnitude. Figures 11 and 12 focus on the relationship between the vector magnitude PDFs and Reynolds number for the regions of large SGS filtered scalar dissipation and temperature SGS variance, respectively. The general trend of decreasing correlation with increasing Reynolds number is echoed by the increase of the PDF variances and the shifting of peaks away from unity with increasing Reynolds number for both regions considered. Figure 13 depicts the PDF of the cosine of the angle between the actual filtered and resolved mass flux vectors for the same regions considered in Fig. 10 . For these PDFs, a delta function at unity suggests that the direction of the true filtered mass flux vector is exactly predicted by only considering the information at the resolved scales. Considering Fig. 13 , the resolved mass flux vector relatively accurately predicts the direction of the true filtered vector in all regions shown. This was found to be true for all regions and for all Reynolds numbers in this study (not all are shown).
D. Subgrid mass and species flux magnitude PDFs
Regions of the most active SGS mass flux have been identified. Comparisons can now be made to other SGS terms appearing in the filtered species transport equation, Eq. (8) . Figure 14 presents PDFs of the ratio of the SGS mass flux vector magnitude, SG S = |J α j |, to the turbulent species flux vector magnitude, γ SGS = | ρ (Y α u j ) SGS |, for the global, large filtered SGS scalar dissipation, and large temperature SGS variance regions at the largest filter width ( f /δ ω0 ≈ 5.7) for the Re δ0 = 850 flame. It is apparent that the SGS mass flux is more profound in the local regions of large filtered SGS scalar dissipation and temperature SGS variance than in the global perspective. In the regions where the SGS mass flux is the most significant, it demonstrates, on average, to be ∼10% of the turbulent species flux. There is significant probability of the SGS mass flux being within about 40% of the SGS convective flux, but very little probability of the two terms being equal. These ratios are also shown to weaken with increasing Reynolds number as depicted in Fig. 15 where the ratio of magnitudes are presented in the large temperature SGS variance region for each of the three Reynolds numbers. The effect of the filter width was also studied via PDFs of SGS /γ SGS and the results showed that by decreasing the filter width an increase in SGS /γ SGS was more probable (not shown).
The last two terms on the right hand side of the filtered species transport equation [Eq. (8)] involve the divergence of the SGS fluxes. Figure 16 examines these terms by presenting the PDFs of the ratio of the magnitudes of the last and the second to last term on the right hand side of Eq. (8) for Re δ0 = 850. The SGS mass and species flux divergence magnitudes are symbolically defined by two terms are of the same order of magnitude. There is also significant probability of finding SGS mass flux terms equal to, and greater than, SGS species flux terms. This is indicative of a subgrid mass flux vector having more small scale activity than the subgrid scale flux; the gradient operator amplifying the small scales of the former to greater extent. Figure 17 shows how the divergence magnitude ratios vary with Reynolds number within the large temperature SGS variance region. These PDFs show the average ratio to decrease with increasing Reynolds number. At the largest Reynolds number, ϑ SGS is ∼10% of ϕ SGS ; however, the variance of the PDFs show significant probability of finding ϑ SGS within ∼25% of ϕ SGS . For all of the divergence magnitude ratio PDFs shown, the PDF of the hydrogen radical differs significantly from all other species PDFs. The subgrid mass to turbulent flux divergence magnitude ratio is considerably larger for the hydrogen radical when compared to all other species. This behavior is attributed to the low values of Lewis numbers (∼0.1 or smaller at 100 atm) for the species pairs involving the hydrogen radical relative to all other Lewis number species pairs. A previous study of a laminar H 2 /O 2 diffusion flame at 100 atm showed Lewis numbers for species pairs including the hydrogen radical are lower than all other Lewis number species pairs by as much as a factor of 15 within the flame. 6, 9 Figure 18 further depicts how the filter width affects the ϑ SGS /ϕ SGS ratio in PDF form. These results suggest that by decreasing the filter width, the contribution of the SGS mass flux becomes more comparable to that of the SGS convective flux.
V. CONCLUSIONS
DNS of turbulent H 2 /O 2 reacting shear layers at a pressure of 100 atm have been conducted over a range of Reynolds numbers spanning 850 ≥ Re δ0 ≥ 4500. Detailed chemical kinetics, a real fluid equation of state, realistic property models, and generalized diffusion models were also included. The results were then a priori analyzed for SGS information concerning the SGS mass flux vector relevant to LES. In particular, the SGS mass flux vector was examined for defined global and localized regions within the flame. Many important flame dynamics (extinction, re-ignition, pollutant formation, etc.) are highly sensitive to localized regions within a flame, thus, global statistics are not necessarily an accurate description of subgrid phenomena. Correlation coefficients between the true filtered mass flux vector and the mass flux vector calculated from filtered primitive variables were presented. When viewed globally, the role of the SGS mass flux was shown to be minimal. However, in regions where either the SGS scalar dissipation or the SGS temperature variance is large, the SGS mass flux was shown to be substantial. The SGS mass flux was also shown to become more substantial with increasing Reynolds number and filter widths. When compared to the SGS scalar flux divergence, the SGS mass flux divergence was found to be comparable in magnitude in regions of large SGS scalar dissipation and SGS temperature variance. This magnitude was shown to decrease with Reynolds number, however, even at the largest Reynolds number, the two terms were still comparable in some regions of the flame. These a priori results suggest that in real turbulent flames localized events such as extinction/re-ignition and pollutant formation may be significantly affected by the SGS mass flux vector. However, this is a fundamental scientific study. The authors are not concluding that the SGS mass flux vectors require modeling in LES. To make such a conclusion would be highly difficult. It would also have to be in the context of a particular LES approach (for example, errors associated with other modeled terms may dwarf any corrections for the SGS mass flux vector).
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